Objective: This study sought to determine whether hypertonic saline (HTS) infusion modulates the host response to bacterial challenge. Methods: Sepsis was induced in 30 Balb-C mice by intraperitoneal injection of Escherichia coli (5 ϫ 10 7 organisms per animal). In 10 mice, resuscitation was performed at 0 and 24 hours with a 4 mL/kg bolus of HTS (7.5% NaCl), 10 animals received 4 mL/kg of normal saline (0.9% NaCl), and the remaining animals received 30 mL/kg of normal saline. Samples of blood, spleen, and lung were cultured at 8 and 36 hours. Polymorphonucleocytes were incubated in isotonic or hypertonic medium before culture with E. coli. Phagocytosis was assessed by flow cytometry, whereas intracellular bacterial killing was measured after inhibition of phagocytosis with cytochalasin B. Intracellular formation of free radicals was assessed by the molecular probe CM-H 2 DCFDA. Mitogen-activated protein (MAP) kinase p38 and ERK-1 phosphorylation, and nuclear factor B (NFB) activation were determined. Data are represented as means (SEM), and an analysis of variance test was performed to gauge statistical significance. Results: Significantly reduced bacterial culture was observed in the animals resuscitated with HTS when compared with their NS counterparts, in blood (51.8 Ϯ 4.3 vs. 82.0 Ϯ 3.3 and 78.4 Ϯ 4.8, P ϭ 0.005), lung (40.0 Ϯ 4.1 vs. 93.2 Ϯ 2.1 and 80.9 Ϯ 4.7, P ϭ 0.002), and spleen (56.4 Ϯ 3.8 vs. 85.4 Ϯ 4.2 and 90.1 Ϯ 5.9, P ϭ 0.05). Intracellular killing of bacteria increased markedly (P ϭ 0.026) and superoxide generation was enhanced upon exposure to HTS (775.78 Ϯ 23.6 vs. 696.57 Ϯ 42.2, P ϭ 0.017) despite inhibition of MAP kinase and NFB activation. Conclusions: HTS significantly enhances intracellular killing of bacteria while attenuating receptor-mediated activation of proinflammatory cascades.
T eleologically, neutrophil activation and transmigration equip the host to withstand and combat septic challenge, and are integral to the successful functioning of the innate immune system. 1 The enticement of neutrophils to the site of microbial invasion by chemoattractants such as tumor necrosis factor (TNF)-␣ and interleukin (IL)-1␤, is accompanied by an upregulation of integrin expression and enhanced adhesive potential, facilitating migration and extravasation. 2 Subsequent phagocytosis of the offending micro organism is elicited by the interaction of membrane bound receptors with particulate ligands on the surface of the pathogen. 3 Concomitant microbial killing results from neutrophil degranulation with release of proteolytic enzymes and generation of reactive oxygen species (ROS). 4 Although the neutrophil is indispensable for antimicrobial host defense, overexuberant sequestration and entrapment of neutrophils, brimming with cytotoxic constituents, may result in unnecessary tissue damage. 5, 6 Regulation of the potent destructive faculties of polymorphonucleocytes (PMNs) is realized through complex intracellular signal transduction pathways triggered by tyrosine kinase activation, 7 including the mitogen-activated protein (MAP) kinases p38, extracellular signal-related kinase (ERK), and Jun Nterminal kinase. 8 Activation of p38 MAP kinase and local transcription factor nuclear factor kappa B (NFB) results in a potentiation of the cytotoxic response with liberation of proinflammatory cytokines. 9, 10 The profound effects of hypertonic saline (HTS) on neutrophil function have rekindled interest in it as a resuscitative agent. [11] [12] [13] [14] [15] Elevated sodium levels inhibit exaggerated neutrophil responses, 16 resulting in moderated liberation of proteolytic enzymes, decreased receptor-mediated respiratory burst, shedding of adhesion molecules, 17 and a manifest attenuation of end-organ injury. We have previously demonstrated significant attenuation of pulmonary injury attributed to a depressed neutrophilic response in an animal model of pancreatitis with both intravenous and aerosolized hypertonic resuscitation. 11, 12 Given the pre-eminent role of p38 MAP kinase, a homologue of the osmotically sensitive yeast kinase HOG-1, in determining neutrophil potency, the diminished neutrophil response observed with hypertonic therapy may be attributed to alterations in cell-signaling dynamics arising from fluctuations in extracellular tonicity. However, studies examining the effect of hypertonic exposure on MAP kinase activation have yielded apparently contradictory results; although high levels of hypertonicity prime neutrophils and induce phosphorylation of p38 MAP kinase, 18, 19 clinically relevant levels appear to attenuate p38 signaling. 20, 21 Although a number of previous studies have alluded to decreased septic complications accompanying hypertonic resuscitation, [22] [23] [24] [25] [26] the effect of osmotic shock on the ability of neutrophils to neutralize invading pathogens remains illdefined. It is conceivable that the potent immunodepressive effects of hypertonic therapy may impact adversely upon the host ability to withstand a septic insult, which would represent a significant impediment to the acceptance of hypertonic infusion as a valid therapeutic approach in states of immune dysfunction.
The present study sought to determine whether osmotic perturbation of neutrophils impairs the host response to bacterial challenge, and to test the hypothesis that the suppression of the inflammatory response may be attributed to osmotically induced alterations in cell signal transduction.
MATERIALS AND METHODS

Reagents and Salts
Sodium citrate, propidium iodide, Percoll, heparin, dextran, Triton X-100, ethylenediaminetetra-acetic acid (EDTA), tromethamine, and lipopolysaccharide (LPS) were purchased from Sigma Chemicals (St. Louis, MO). Ficoll-Paque was purchased from Pharmacia (Uppsala, Sweden). RPMI 1640, phosphate-buffered saline solution (PBS) without calcium and magnesium, fetal calf serum, penicillin, streptomycin sulfate, amphotericin, and glutamine were purchased from Gibco-BRL (Paisley, UK). Salts used in preparation of resuscitative solutions were purchased from Sigma Chemicals.
Preparation of Solutions
Balanced salt solutions contained 2 mM KCl, 1.5 mM K 2 HPO 4 , 1 mM MgSO 4 , 10 mM Hepes, 2 mM CaCl 2 , and 10 mM glucose, brought to pH 7.4. Isotonic saline solutions contained, in addition, 140 mM NaCl, while hypertonic saline solutions contained either 160 mM, 180 mM, or 200 mM NaCl. The osmolarity of all solutions was determined to be between 280 mosm/L and 400 mosm/L (Micro-osmometer 3M0, Advanced Instruments, Needham Heights, MA).
Preparation of Bacteria
E. coli was obtained from the Department of Microbiology, University College Cork. Bacteria were cultured in tryptic soy broth (Merck, Darmstadt, Germany) at 37°C, harvested at the logarithmic growth phase, washed twice, and resuspended in PBS. The concentration of resuspended bacteria was determined and adjusted spectrophotometrically at 550 nm.
Model of Sepsis
Thirty male Balb-C mice (8 -10 weeks, 18 -22 g; Harlan, Oxon, UK) were randomized into 3 groups (each n ϭ 10). E. coli infection was initiated by intraperitoneal (ip) injection of 200 L of PBS containing 5 ϫ 10 7 colonyforming units (CFU) of viable bacteria per mouse.
Immediately after bacterial inoculation, 20 animals were resuscitated with either 4 mL/kg (n ϭ 10) or 30 mL/kg (n ϭ 10) normal saline (0.9% NaCl, NS) via tail vein cannulation. This was repeated at 24 hours. In an analogous manner, and at the same time points, the remaining 10 animals received HTS (4 mL/kg 7.5% NaCl). This experiment was conducted following approval by the Biologic Services Unit of the University, and the Department of Health and Children, Ireland.
Enumeration of Bacteria in Blood and Organs
Mice were killed at 8 and 36 hours after E. coli challenge. Spleens and lungs were dissected and homogenized. Serial 10-fold dilutions of whole blood and organ homogenates in sterile water containing 0.5% Triton X-100 (Sigma) were plated on tryptic soy agar (Merck) and cultured for 24 hours at 37°C for determination of bacterial CFU.
Isolation of Human Neutrophils
Whole venous blood was collected from healthy adult volunteers with lithium heparin used as an anticoagulant. The neutrophils were isolated with use of dextran sedimentation (6% dextran in 0.9% sodium chloride) followed by Ficoll-Paque gradient centrifugation, as previously described. 6 Neutrophils were counted, and cell viability as determined by trypan blue exclusion was Ͼ98%. Neutrophil purity was Ͼ97% as determined by Rapi-Diff II (DiaCheM, Lancashire, UK) staining on cytocentrifuged samples.
Analysis of Bacterial Uptake, Ingestion, and Intracellular Killing
E. coli were heat-killed at 95°C for 20 minutes and labeled with 0.1% FITC (Sigma). Isolated human neutrophils from healthy adult volunteers were incubated in isotonic (140 mmol/L Na ϩ ) or hypertonic (160, 180, or 200 mmol/L Na ϩ ) medium and with 1 ϫ 10 5 , 1 ϫ 10 6 , and 1 ϫ 10 7 CFU/mL of heat-killed, FITC-labeled bacteria at 37°C in a shaking waterbath for 15, 30, and 45 minutes. Bacterial uptake by neutrophils was assessed by fluorescence-activated cell sorter (FACScan) analysis on a flow cytometer. Bacterial ingestion was further determined by FACScan analysis after the external fluorescence of the bound, but noningested, bacteria was quenched with 0.025% crystal violet (Sigma) as described. 27 Intracellular bacterial killing was determined as previously described. 28 Briefly, neutrophils were incubated with live E. coli at ratios of 1:10, 1:20, and 1:50 (neutrophil:bacteria) at 37°C in a shaking water-bath for 30 and 60 minutes, in the presence or absence of 5 g/mL cytochalasin B (Sigma), an inhibitor of bacterial phagocytosis, to assess extracellular bacterial killing. Cells were then lysed and incubated with serial dilutions on tryptone soya agar plates at 37°C for 24 hours. Intracellular bacterial killing was determined with the correction of extracellular bacterial killing.
Assessment of Intracellular Free Radical Formation
The intracellular formation of ROS in human neutrophils was detected by using the fluorescent probe CM-H 2 DCFDA (Molecular Probes, Eugene, OR), as described. 29 Briefly, isolated neutrophils were incubated with live E. coli at ratios of 1:10, 1:20, and 1:50 (neutrophil:bacteria) at 37°C in a shaking water-bath for 30 and 60 minutes, in isotonic (140 mmol/L Na ϩ ) or hypertonic (160, 180, or 200 mmol/L Na ϩ ) medium. The neutrophils were then loaded with 20M CM-H 2 DCFDA and incubated at 37°C for 10 minutes. Measurement of intracellular ROS was assessed by flow cytometry.
Assessment of MAP Kinase Activation
Isolated human neutrophils from healthy adult volunteers were treated with LPS (100 ng/mL) at 37°C in a humidified 5% carbon dioxide atmosphere before incubation in isotonic (140 mmol/L Na ϩ ) or hypertonic (180 mmol/L Na ϩ ) medium for 30 minutes. After being extensively washed with cold PBS, cells were lysed in lysis buffer (1% Triton X-100, 20 mM Tris, 137 mM NaCl, 1 mM phenylmethyl sulfonyl fluoride (PMSF), 2 mM Na 3 VO 4 , 10 g/mL leupeptin, 2 g/mL aprotinin). Protein concentrations were determined by using a micro bicin choninic acid (BCA) protein assay reagent kit (Pierce, Rockford, IL). The proteins were denatured at 95°C for 10 minutes in loading buffer (60 mM Tris, 2.5% SDS, 10% glycerol, 5% mercaptoethanol, 0.1% bromophenol blue). Aliquots containing equal amount of total proteins from each sample were separated in SDSpolyacrylamide gels and transblotted onto nitrocellulose membranes (Schleider & Schuell, Dassel, Germany). After blocking for 2 hours with TBS containing 0.1% Tween-20 and 6% nonfat milk, membranes were probed overnight at 4°C with anti pP-38 MAP kinase and ERK1 pABs (Santa Cruz Biotechnology). Blots were further incubated for 1 hour with secondary horseradish peroxidase-conjugated anti mouse IgG (Dako, Glostrup, Denmark), and developed by using an enhanced chemiluminescence detection system (Santa Cruz Biotechnology). Quantification of antibody binding was performed by using image analysis software (Adobe Systems Inc, CA).
Isolation of Nuclear Proteins and NFB by Electrophoretic Mobility Gel-Shift Assay
Isolated human neutrophils from healthy adult volunteers were treated with LPS (100 ng/mL) at 37°C in a humidified 5% carbon dioxide atmosphere prior to incubation in isotonic (140 mmol/L Na ϩ ) or hypertonic (180 mmol/L Na ϩ ) medium for 30 minutes. After being extensively washed with cold PBS, cells were lysed in cold lysis buffer (1% Triton X-100, 20 mM Tris, 137 mM NaCl, 1 mM PMSF, 2 mM Na3VO4, 10g/ml leupeptin, 2g/ml aprotinin). After centrifugation at 1500 rpm (140 ϫ g) for 10 minutes, the pellet was resuspended in 1 mL of cold lysis buffer A (10 mM Hepes-NaOH pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 0.5 mM PMSF) and centrifuged at 14,000 rpm (12183 ϫ g) for 10 minutes. The supernatant was discarded and the pellet resuspended in 20 L of cold lysis buffer A and 0.1% (vol/vol) Nonidet P-40 and incubated on ice for 10 minutes with gentle intermittent vortex. The sample was centrifuged at 14,000 rpm (12183 ϫ g) for 10 minutes, supernatant discarded, and nuclear pellet resuspended in 15 L of cold buffer B (20 mM Hepes-NaOH pH 7.9, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 25% [wt/vol]) glycerol, 0.5 mM DTT, 0.5 mM PMSF) on ice for 15 minutes with gentle intermittent vortex. After centrifugation at 14,000 rpm (12183 ϫ g) for 10 minutes, the supernatant was collected, diluted with 75 L of cold buffer C (20 mM Hepes-NaOH pH 7.9, 50 mM KCl, 0.2 Mm EDTA pH 8.0, 20% [wt/vol] glycerol, 0.5 mM DTT, 0.5 mM PMSF) and stored at Ϫ80°C. Protein concentrations were determined by using a micro BCA protein assay reagent kit (Pierce). NFB consensus oligonucleotide (Double Stranded 5'-agttgaggggactttcccagg c-3', Promega, Madison, WI) was 5' end labeled with ␥32 ATP with T4 polynucleotide kinase (Promega) by incubation for 1 hour at 37°C. Unincorporated oligonucleotide was removed by using Microspin G-25 centrifugation columns (Amersham Pharmacia Biotechnology, Germany) 6.5 g of nuclear protein was incubated with labeled nucleotide (150,000 -200,000 cpm) in binding buffer for 30 minutes at room temperature. Oligonucleotide labeled protein and unlabeled probe were separated by electrophoresis on a 3% native polyacrylamide gel in tris-glycine. Gels were dried and exposed to an intensifying screen and developed by using a Storm BSO Phosphoimaging System (Molecular Dynamics, Sunnyvale, CA). Quantification of nuclear factor activation was performed by using image analysis software (Adobe Systems).
Survival Study
A survival study was performed to validate the laboratory findings. Sepsis was induced in 30 male Balb-C mice by Annals of Surgery • Volume 238, Number 2, August 2003 Hypertonic Saline and Bacterial Challenge ip injection of 1 ϫ 10 8 CFU of viable E. coli, a bacterial concentration previously determined to be lethal. Animals were randomized to receive either normal saline (4 mL/kg, n ϭ 10, or 30 mL/kg, n ϭ 10), or HTS (4 mL/kg, n ϭ 10), on a daily basis via tail vein cannulation. Survival was monitored for 5 days.
Data Analysis
Data are presented as mean values with standard error of mean (SEM), with the exception of Western Blot antibody binding, presented as median luminosity values, as determined by image analysis. Statistical analysis was performed by using analysis of variance comparing both small and large volume NS resuscitation groups with HTS (in vivo) and increments of tonicity (in vitro). Mortality data were determined by employing Kaplan-Meier analysis. A P value Ͻ 0.05 was considered significant.
RESULTS
Bacterial Culture
Bacteria were cultured for 24 hours from homogenized and diluted lung and spleen, and diluted whole blood, with quantitative determination of bacterial CFUs. Significantly reduced bacterial culture was observed at both 8 and 36 hours in animals resuscitated with HTS when compared with their normal saline counterparts, regardless of volume ( Fig. 1 ).
Neutrophil Antimicrobial Activity
Uptake of FITC-labeled E. coli by neutrophils was assessed by flow cytometry. Osmotic perturbation of neutrophils had little impact on the capacity to engulf bacteria, despite the previously noted induction by HTS of actin cytoskeleton remodeling 13 (Table 1 ). Intracellular killing of bacteria, assessed after inhibition of phagocytosis, was estimated at increments of ionic osmolarity (140, 160, 180, and 200 mmol/L Na ϩ [280 mosm/L to 400 mosm/L]); 180 and 200 mmol Na ϩ caused a significant potentiation in microbial killing (Table 1) , contingent upon generation of ROS within the neutrophil. Although we observed that quiescent neutrophils evinced no significant change in superoxide production in response to osmotic shock, intracellular formation of ROS, determined by the introduction of a molecular probe, was enhanced with previous exposure to live bacteria. Although no significant difference was observed between neutrophils incubated at the higher levels of tonicity (180 and 200 mmol/L Na ϩ ), the trend toward potentiation of intracellular bacterial killing and superoxide formation with increasing osmolar strength appeared diminished above 180 mmol Na ϩ ( Table 1 ).
MAPK Activation
Activation of MAP kinases has been implicated in the cytotoxic response, including the liberation of ROS from activated neutrophils. To investigate the contribution of phosphorylated p38 and ERK-1 to neutrophil antimicrobial and cytotoxic potential, MAPK activation was determined with phosphospecific antibodies under both isotonic (140 mmol/L Na ϩ ) and hypertonic (180 mmol/L Na ϩ ) conditions in endotoxin-free conditions and in the presence of E. coli-derived LPS. Osmotic perturbation of quiescent neutrophils by highsodium concentrations caused a decrease in constitutive p38 activation. Treatment with LPS resulted in p38 activation; however, this effect was attenuated by exposure to HTS (Fig.  2) . Enhanced ERK-1 activity occasioned by LPS was similarly prevented by HTS ( Fig. 3) , though it exerted no significant effect on low-level constitutive ERK-1 activation.
NFB Activation
Induction of local transcription factor NFB and the consequent expression of multiple rapid response inflammatory genes has been described in a variety of inflammatory conditions 30 -32 and contributes to neutrophil cytotoxic capacity. Activation of NFB subsequent to LPS exposure was abrogated by increased extracellular sodium concentrations ( Fig. 4) .
Survival Study
A survival study was performed by using a model of sepsis previously determined to be lethal. At 72 hours, survival in the normal saline groups was only 30% (small volume resuscitation) and 40% (large volume resuscitation), whereas animals resuscitated with HTS exhibited 80% survival, a significant increase in survival (Fig. 5 ).
DISCUSSION
This study describes the benefit accruing to the host from hypertonic infusion in the setting of overwhelming sepsis. The host response to septic challenge normally comprises both adaptive and innate immune responses, the former consisting of T and B lymphocytes, whereas the latter is mediated through cytokines and complement and effected by phagocytic cells and cytotoxic natural killer cells. 1 Although a key effector cell of the innate immune system, the neutrophil has in addition been identified as an agent of host tissue destruction because of its considerable cytotoxic potential. 5, 6 Unrestrained neutrophil activation may engender acute lung injury and acute respiratory distress syndrome, the most pertinent manifestations of inappropriate neutrophil-mediated tissue insult in states of immunologic disarray. 33, 34 Neutrophil degranulation occasions the release of the potent vasoregulatory mediator nitric oxide and arachidonic acid metabolites 35, 36 ; however, it is the simultaneous unleashing of proteases, such as elastase and matrix metalloproteinases, that results in the stigmata of lung injury. 4, 37 The recognition that HTS may moderate PMN cytotoxicity and may serve to dampen an overexuberant inflammatory response, provides a potential strategy for attenuating inappropriate neutrophil activity. The benefits of transient hyperosmolar resuscitation extend to the attenuation of receptormediated neutrophil functions, including the down-regulation of oxidative burst activity and adhesion molecule expression, and the suppression of neutrophil activation. 16,38 -40 The present study demonstrates that hypertonic resuscitation enhances clearance of bacteria from lung and spleen and is associated with diminished bacteremia. The failure of isotonic resuscitation, irrespective of volume, to attenuate the septic insult, further confirms the profound effects of osmotic shock on host immune response. The correlation with survival suggests that HTS confers increased ability to withstand a significant septic insult. Although previous studies of bacterial killing in the urinary tract have concluded that hyperosmolarity impedes neutrophil activity, 41,42 a number of recent studies have affirmed HTS-induced prevention of bacterial translocation following hemorrhagic shock, [22] [23] [24] [25] [26] with enhanced containment of infection. 22 Cytoskeletal integrity is a prerequisite for the PMN cytotoxic response and plays a pivotal role in determining neutrophil interaction with the local environment, facilitating appropriate migratory responses, phagocytosis of pathogens, and ultimately degranulation. 43 Alterations in cytoskeletal conformation can result from the induction of F-actin polymerization by HTS, with extravasation of osmotic water. 13 Previous studies have demonstrated that infusion of 7.5% saline results in a rapid, though transient, rise in plasma sodium levels to 40mmol/L above isotonic levels, 19 which remain elevated for up to 4 hours. 44 It was at this level of tonicity that we observed maximal neutrophilic potentiation, which declined as the osmolarity climbed higher. Although some authors have alluded to a deficiency in phagocytic ability at extremes of osmotic stress, 42 we were unable to demonstrate impaired phagocytosis in our model system, implying that clinically relevant levels of hypertonicity (ie, 180 mmol/L Na ϩ ) do not impede the engulfment of opsonized pathogens.
A putative mechanism for the potentiating effects of HTS on bacterial clearance is enhanced intracellular killing, attributed in this study to augmented intracellular ROS gener-ation. However, the additive direct effects of osmotic perturbation on bacteria cannot be discounted. Epithelial adherence of E. coli is compromised under hypertonic conditions, 45 and one may surmise that elevated extracellular tonicity renders the systemic circulation an inhospitable environment for a rapidly dividing organism.
The seemingly uniform cellular response to a heterogeneous group of cell stressors, such as bacterial products, hypoxia, growth factors and cytokines, arises from the convergence of these stimuli at specific cell-signaling cascades, causing activation of the tyrosine kinases phosphatidyl inositol 3-kinase, 46 protein kinase C, 47 Src-kinases, and MAP kinases. 8 MAP kinase p38 activation is recognized as a major determinant of the functional response of immunocompetent cells to noxious stimuli. The activation of p38 by, among others, LPS, 48 augments neutrophil cytotoxic potential by causing an escalation in the liberation of free radicals, enhancing integrin adhesive qualities, 9 and regulating the synthesis of pro-inflammatory cytokines. 49 Despite osmotic down-regulation of p38 and ERK-1, this study demonstrates enhanced superoxide generation in response to bacteria, suggesting that neither kinase plays a prominent role in receptor-independent ROS generation, despite integral involvement in cell signaling responsible for neutrophil degranulation. This reveals an evident paradox in osmoregulation of neutrophil activity. Although hypertonicity results in attenuation of end-organ injury by compromising neutrophil cytotoxic capacity, it also appears to enhance the response to E. coli. This suggests that HTS interrupts the propagation of the inflammatory cascade at the level of cell signal transduction, rather than disrupting the nicotinamide adenine dinucleotide phosphate oxidase complex responsible for ROS generation. 4 The propensity of increased extracellular osmolarity to decrease postinjury inflammation may also be attributed to the osmotic inhibition of NFB demonstrated in this study. A temporal correlation has been observed between NFB activation in lung, and the expression of cytokine mRNA. 50 Consequently, disruption of NFB activation is immunosuppressive, reducing pulmonary inflammation and mortality in experimental models of pancreatitis. 51, 52 This study provides further evidence of the beneficial effects of hypertonic resuscitation. HTS attenuates the receptor-mediated activation of proinflammatory cascades, while enhancing the host response to significant bacterial challenge. Regulators of cellular signal transduction pathways, such as p38 MAP kinase and NFB inhibitors, provide potential pharmacologic targets for suppressing unchecked and unrestrained inflammation. Reversible and transient inhibition of these pathways may be achieved through hypertonic resuscitation, obviating exposure to the potential toxicity of kinase inhibitors. A clinical trial is warranted.
